During human pregnancy, cytotrophoblasts (CTBs) play key roles in uterine invasion, vascular remodeling, and anchoring of the feto-placental unit. Due to the challenges associated with studying human placentation in utero, cultured primary villous CTBs are used as a model of the differentiation pathway that leads to invasion of the uterine wall. In vitro, CTBs emulate in vivo cell behaviors, such as migration, aggregation, and substrate penetration. Although some of the molecular features related to these cell behaviors have been described, the underlying mechanisms, at a global level, remain undefined at midgestation. Thus, in this study, we characterized secondtrimester CTB differentiation/invasion in vitro, correlating the major morphological transitions with the transcriptional changes that occurred at these steps. After plating on Matrigel as individual cells, CTBs migrated toward each other and formed multicellular aggregates. In parallel, using a microarray approach, we observed differentially expressed (DE) genes across time, which were enriched for numerous functions, including cell migration, vascular remodeling, morphogenesis, cell communication, and inflammatory signaling. DE genes encoded several molecules that we and others previously linked to critical CTB function in vivo, suggesting that the novel DE molecules we discovered played important roles. Immunolocalization confirmed that CTBs in situ gave a signal for two of the most highly expressed genes in vitro. In summary, we characterized, at a global level, the temporal dynamics of primary human CTB gene expression in culture. These data will enable future analyses of various types of in vitro perturbations-for example, modeling disease processes and environmental exposures. (Endocrinology 158: 1581(Endocrinology 158: -1594(Endocrinology 158: , 2017 W ithin the intervillous space of the human placenta, networks of chorionic villi suspended in circulating maternal blood facilitate the vital exchange of nutrients, wastes, and gases between the maternal and embryonic/fetal units (Fig. 1) . The villi are covered in two trophoblast layers. The outer layer is composed of multinucleated syncytiotrophoblasts, transport, and hormoneproducing cells. Beneath resides a polarized layer of mononuclear cytotrophoblast (CTB) progenitors (2).
W ithin the intervillous space of the human placenta, networks of chorionic villi suspended in circulating maternal blood facilitate the vital exchange of nutrients, wastes, and gases between the maternal and embryonic/fetal units (Fig. 1) . The villi are covered in two trophoblast layers. The outer layer is composed of multinucleated syncytiotrophoblasts, transport, and hormoneproducing cells. Beneath resides a polarized layer of mononuclear cytotrophoblast (CTB) progenitors (2) .
Depending on location, CTBs differentiate into syncytiotrophoblasts or exit the placenta to anchor the embryo/ fetus to the uterus. During the latter process, the cells detach from the trophoblast basement membrane of the villi and aggregate to form columns of unpolarized cells, which attach to the uterine wall. Invasive CTBs, also known as extravillous trophoblasts, deeply invade (interstitially) into the uterine wall, reaching the inner third of the myometrium during normal pregnancy. During remodeling of the uterine vessels, endovascular CTBs penetrate the walls of the spiral arteries, increasing their diameter, decreasing resistance, and diverting maternal blood flow to the placenta (3, 4) . Due to their diverse and important roles in placental development, perturbations in CTB differentiation may be associated with several pregnancy complications, such as preeclampsia (PE) (5) 6 intrauterine growth restriction, preterm labor (6) , and the syndromes associated with excessive invasion (e.g., accreta, percreta, and increta) (7) .
Influenced by numerous cues (8) , CTBs modulate the expression of molecules that mediate adhesion, migration, and cell-cell communication, which underlie their broad functional capabilities. For example, as CTBs penetrate the uterine wall, they downregulate the expression of adhesion molecules that inhibit invasion, such as E-cadherin, and upregulate others that favor this process (1) . To facilitate invasion, CTBs release numerous degradative molecules, including matrix metalloproteinase (MMP) family members (9) , which break down basement membrane components and extracellular matrix (ECM) molecules they encounter. At the same time, the cells upregulate other factors that play a role in their unusual ability to mimic endothelial and vascular smooth muscle cells. These include other adhesion molecules [e.g., VE-cadherin (10) , neural cell adhesion molecule (11) ] as well as Eph/ephrin and Notch family members (12, 13) , which most likely play crucial roles in the ability of endovascular CTBs to channel blood that flows through the maternal spiral arteries, which they line. Furthermore, the cells express a complex network of molecules (e.g., interleukins, chemokines, and HLA-G) that mediate their interactions with the maternal immune system (14) . Determining, at a global level, the mechanisms controlling these behaviors (e.g., migration, adhesion, invasion, and immune tolerance), which are critical for CTB functions, is key to understanding normal placental development and disease.
Due to the difficulty of studying human CTBs in utero and known differences between human and rodent placentation and pregnancy, primary human cell culture models are valuable because they enable studies that address CTB functions at cellular and molecular levels (15) . Over the past 30 years, protocols have been developed for isolating and culturing CTBs from placentas of various gestational ages (16, 17) . Multiple steps have been Figure 1 . Arrangement of cytotrophoblasts (CTBs) at the human maternal-fetal interface. Within the intervillous space of the human placenta, floating chorionic villi are suspended in circulating maternal blood. These structures facilitate the exchange of nutrients, wastes, and gases between the maternal and embryonic/fetal units. Villi are covered in two trophoblast layers, as follows: (1) an outer layer of multinucleated syncytiotrophoblasts and (2) a polarized layer of mononuclear CTBs. In anchoring chorionic villi during the first and second trimesters of pregnancy, CTBs, which are differentiating along the invasive pathway, exit the placenta by detaching from the trophoblast basement membrane and aggregating to form columns of unpolarized cells, which attach to the uterine wall. CTBs invade the decidua (interstitial invasion) or remodel the uterine spiral arteries (endovascular invasion), which increases their elasticity and diverts maternal blood flow to the placenta. CTB cultures contain cells isolated from floating and anchoring villi. BV, fetal blood vessel; MF, macrophage [modified from Damsky et al. introduced to improve the viability and purity of CTBs, for example, serial enzymatic digestions, Percoll gradient separations, and magnetic bead immunodepletions (18) . In this context, CTBs isolated from normal pregnancies and a variety of pregnancy complications are used to study a wide range of placental cell functions in vitro.
Transcriptomic-based approaches provide a means to survey global RNA expression changes at gene and pathway levels. Additionally, the in vitro and in vivo expression of the identified molecules can be directly compared as an independent measure of their potential relevance to human pregnancy. In placental cells or tissue, global assessments of RNA expression have been used to investigate the molecular changes that occur during pregnancy and the factors that may influence expression, such as gestational age (19) , tissue specification (20) , species (21) , and normal vs disease states (22) . This approach has also been used to profile subsets of primary CTBs (23) .
Our laboratory routinely isolates and cultures CTBs from first-and second-trimester placentas as well as term tissue. We use this cell culture model to study, at cellular and molecular levels, the differentiation pathway that leads to invasion of the uterine wall (16, 24) . In this study, building on this work, we describe CTB morphological transitions and parallel transcriptomic changes over time in vitro as the cells acquire an invasive phenotype. The detailed characterization of this culture model during the second trimester of pregnancy will expand the utility of this system for studies of placental development, in normal pregnancy and disease, and for studies of the effects of possible perturbants such as environmental exposures.
Materials and Methods

Tissue collection
All methods in this study were approved by the University of California, San Francisco, Institutional Review Board. Informed consent was obtained from all donors. Second-trimester placentas (gestational age: 14 to 22 weeks) were collected immediately following elective terminations and placed in cytowash medium, consisting of DME/H-21 (Gibco), 12.5% fetal bovine serum (Hyclone), 1% glutamine plus (Atlanta Biologicals), 1% penicillin/streptomycin (Invitrogen), and 0.1% gentamicin (Gibco). Tissue samples were placed on ice prior to dissection.
Human primary villous CTB isolation
CTBs, consisting of both extravillous and villous CTBs, were isolated as described (16) , with minor modifications, from second-trimester human placentas (gestational ages ranged from 14 to 22 weeks). In brief, the floating and anchoring chorionic villi were extensively washed in cold phosphate-buffered saline (PBS), dissected into 2-to 4-mm pieces, and filtered through a 1-mm mesh strainer to remove small pieces of tissue. CTBs were isolated according to the following steps: (1) removal of the outer syncytial layer via collagenase (Sigma-Aldrich; C-2674) digestion; (2) release of the CTBs by sequential enzymatic digestion [trypsin (Sigma-Aldrich; T8003; twice) and collagenase]; and (3) purification via Percoll density gradient centrifugation. Single cells were counted using a hemacytometer and immediately collected (0-hour samples) or transferred to a Matrigel (BD Biosciences)-coated 12-well plate. The substrate consisted of a 1:1 (volume-tovolume) mixture of Matrigel and culture medium (see later), which was incubated for 15 minutes at 37°C. CTBs were cultured at a density of 500,000 CTBs/well in 1.5 mL medium containing DME/H-21, 2% Nutridoma (Roche), 1% sodium pyruvate (Sigma-Aldrich), 1% HEPES buffer (Invitrogen), 1% glutamate plus (Atlanta Biologicals), and 1% penicillin/streptomycin (Invitrogen). Cells were incubated at 37°C in 5% CO 2 /95% air. At 3 hours postplating, medium was replaced to eliminate unattached cells. As previously reported, staining with anti-cytokeratin (CK) showed that cell purity was routinely ;80% to 90% (16) . Only cell preparations that met this criterion were analyzed. Because we analyzed primary CTBs, contaminants (e.g., immune and stromal cells) could contribute to the downstream analyses.
Immunolocalization of CTB antigens
At 3, 15, or 39 hours of culture, medium was removed and cells were washed once with PBS. Next, CTBs were fixed with 4% paraformaldehyde for 20 minutes, washed twice with PBS, and stored in PBS at 4°C until further processing. PBS was removed, and cold methanol was added to permeabilize the CTBs. After 5 minutes, the cells were washed with PBS three times, and 5% bovine serum albumin (BSA) (Hyclone)/PBS was added for 1 hour to block nonspecific reactivity. The blocking solution was removed, the primary antibody (in 5% BSA) was added, and the cells were incubated overnight at 4°C. Primary antibodies included the following: anti-CK [catalogue Fisher_001-clone7D3, Research Resource Identifier (RRID): AB_2631235, rat monoclonal; 1:100] (8), anti-HLA-G (catalogue Fisher_002-clone4H84, RRID:AB_2631236, mouse monoclonal; 1:100) (25) , and anti-Ki-67 (Thermo Fisher Scientific catalogue RM-9106-S1, RRID: AB_149792, rabbit monoclonal; 1:100). CKs recognized by the rat antibody are highly expressed by human CTBs vs other placental cell types, possible contaminants (26) . HLA-G, a major histocompatibility class Ib antigen, is specific for extravillous CTBs (25, 27) . Ki-67 expression, a nuclear antigen, is used to identify proliferating cells (28) . The next day, the antibody solution was removed and the CTBs were washed three times in PBS. Detection of primary antibodies was accomplished via incubation (1 hour) with species-specific secondary antibodies diluted in PBS:goat antirat immunoglobulin G (IgG; Alexa Fluor, 1:1000, A11081; Life Technologies); donkey anti-mouse (1:1000, A21202; Life Technologies); and goat anti-rabbit IgG (1:1000, A21206; Life Technologies). Cultures were washed with PBS three times and transferred to 1.5 mL PBS mixed with Hoechst 33342 (1:2500; Life Technologies). Phase brightfield and fluorescent photo montages were created by stitching together images (42 covering a 5-mm 3 5-mm area), which were captured by using a Leica inverted microscope with a 103 objective and the tilescan function (Leica Application Suite Advanced Fluorescence).
We calculated the average fluorescence intensity associated with CK, HLA-G, or Ki-67 on a per cell basis by using Volocity software (PerkinElmer; version 6.3). First, we identified all cells or objects within each image by virtue of Hoechst staining. Initially, we excluded objects that intersected with the border of the image or were ,20 mm 2 , which eliminated potential artifacts (e.g., cell debris). As a result of this process, ;1% of the objects were discarded from the analysis. We applied a separation of object function, which included automated erosion and division operations to enable improved measurements of aggregated cell populations. Next, we determined the average intensity of CK, HLA-G, or Ki-67 per object. For CK or HLA-G, we used the dilate function (level 4) to measure the intensity of immunoreactivity associated with the cytoplasm and plasma membrane, respectively. Immunopositive/-negative intensity thresholds for CK or HLA-G immunostaining were determined as the mean intensity of $30 objects with negative signal + 1 standard deviation. Thresholds (6) for Ki-67 average intensity were calculated as the mean average intensity of $30 objects with immunopositive Ki-67 nuclear signals 21 standard deviation. To control for variability in overall fluorescence intensity among experiments, limits were determined on a per well basis for each experiment and time point. Percentages of cells that expressed each antigen were calculated as the number of immunopositive cells per total number of cells per stitched image. Average values were determined across $3 independent cultures. Images captured ;20,000 cellsper well.
Quantification of CTB migration
To describe migration and aggregation of CTBs over time, we determined the minimum distance between nuclei using Volocity software. Objects were identified, as described in the previous section. Then we calculated the minimum distance between nuclei (centroid to centroid). This process entailed automated measurements of all possible distances between objects within each image. Three to 12 stitched images were analyzed per independent experiment (n = 3), and the average minimum distance among cells at 3, 15, and 39 hours postplating was calculated. The standard error of the mean was computed across the average of the three independent experiments. Representative images at 203 were exported in TIF format and processed via Photoshop (Adobe).
RNA isolation
Placentas for transcriptional profiling ranged in gestational age from 14 to 21 weeks (mean = 17.5 weeks). Two experiments used cells from individual placentas, and two experiments used a combination of cells that were isolated from two placentas. The contribution of female and male samples to the data was estimated by evaluating CTB expression (0 hours) of sexspecific genes: RPS4Y1, XIST, EIF1AY, and KDM5D (29) (Supplemental Fig. 1 ). Information about gestational age and sex is included in Supplemental Table 1 . Samples for quantitative reverse transcription polymerase chain reaction (qRT-PCR) validation ranged in gestational age from 18.3 to 22 weeks (mean = 20.3 weeks). RNA for these analyses was isolated from CTBs that were prepared from individual placentas. Briefly, immediately following CTB isolation (0 hours) or after 3, 15, 19, or 39 hours in culture, RLT lysis buffer (Qiagen) was added to either the cell pellet or culture dish well. The lysate was collected and stored at 280°C. We isolated and purified RNA using the RNeasy Micro Kit (Qiagen). The RNA concentration and quality were estimated (absorbance 260 nm/ 280 nm = 1.9 to 2.1) by using a Nanodrop spectrometer (Thermo Fisher Scientific). Samples destined for microarray analyses (0-, 3-, 15-, and 39-hour time points) were assessed for quality (RNA integrity number . 9) using the Agilent RNA 6000 Nano LabChip Kit and Bioanalyzer 2100 system.
Global gene expression profiling of CTBs
The analysis platform was the Affymetrix Human Genome U133 Plus 2.0 array. Sample processing and hybridization were performed by the University of California, San Francisco, Gladstone Institute, as previously described (29) . Affymetrix CEL files were processed using the Affymetrix Expression Console and Transcriptome Analysis Console software packages. Raw values were normalized via the robust multiarray average algorithm. Raw and normalized data were deposited in the Gene Expression Omnibus (GSE86171). One-way analysis of variance (ANOVA) was applied to identify differentially expressed (DE) genes across time. Average fold change (FC) values were determined by calculating the ratio of average log 2 intensities between each time point and the 0-hour CTB group. Datasets were annotated using the Affymetrix Transcriptome Analysis Console database (10/1/14). In cases of multiple probes per gene, the one with the lowest P value, having the most significant change over time, was selected for comparison purposes. To define DE genes across time and among samples, we applied a cutoff of P # 0.00005 (one-way ANOVA), an absolute FC $ 2 between any of the four time points with a false discovery rate of ,1%. Hierarchical clustering of FC values was completed by using average linkage and Euclidean distance (TIGR MEV) (30) . A secondary post hoc Student t test was used to determine the significance of changes between each time point and time 0 hours (cutoff applied: P # 0.001, absolute FC $ 2).
Functional analyses of DE genes
We used DAVID (31) to identify functional enrichment of gene ontology (GO) biological processes (level 4) within our DE gene list. Genes were defined using the Affymetrix Probe ID. GO terms containing $15 DE genes with a P value of #0.005 and a fold enrichment (FE) $1.5 were selected as significantly overrepresented. Corresponding enrichment scores (i.e., P values and FE, were also determined for upregulated and downregulated gene clusters). As previously described (32) , relative enrichment scores across GO terms were calculated as 2log (p 2 value) 3 FE. We grouped GO terms based on GO classification (http://geneontology.org) to express common themes. To evaluate changes within GO biological processes on a temporal level, we calculated absolute average FC ratios of DE genes across time within enriched GOs, which were selected based on their relevancy to human placental development.
Validation of DE genes
These analyses used an independent set of CTBs cultured for 0, 3, 15, 19, and 39 hours. First, RNA was converted to complementary DNA using an ISCRIPT complementary DNA synthesis kit (Bio-Rad). Next, qRT-PCR was performed using TaqMan Universal Master Mix II, no UNG (Life Technologies), and specific TaqMan primers for CBS, CXCL6, DHCR7, DUSP2, F5, FABP7, ITGA2, MMP9, MMP12, PDXK, PEG3, and S100A7 (Supplemental Table 2 ). Selected targets were identified based on observations of robust (absolute FC . 2) and significant (P , 0.0005) changes in expression over time, and association with pathways of interest. We also included PEG3 (P = 0.005, absolute FC . 2) and MMP12 (P = 0.4) to estimate the repeatability of targets with different significance criteria. Reactions were carried out for 40 cycles. A minimum of three biological replicates was analyzed in all comparisons. Differential expression across time was calculated by using the DD cycle threshold method (normalized to glyceraldehyde-3-phosphate dehydrogenase). To determine significant changes over time, one-way ANOVA was applied (P # 0.05). FC values were expressed as average log 2 ratios between each time point and the 0-hour CTB group.
Comparisons between second-trimester and term samples
We assessed the expression profiles of genes identified to be DE in CTB culture in an RNA sequencing (RNA-seq) dataset generated by the Epigenome Roadmap Project (20) , which included CTBs purified, in our laboratory, from second-trimester and term placentas (0 hours). We compared the average reads per kilobase per million mapped reads (RPKM) expression values of second-trimester and term CTBs with differences in expression between these time periods. The official gene symbol was used to align the two datasets (merge function) (33) .
Immunostaining of tissue sections
We used an immunolocalization approach to investigate the expression, at the protein level, of transcripts that were abundant as well as DE over time in cultured CTBs. For this purpose, we analyzed tissue sections of the maternal-fetal interface during the second trimester of pregnancy. The general method we used was published (34) . Briefly, biopsies were fixed in 3% paraformaldehyde, dehydrated in increasing sucrose concentrations, and embedded in OCT (Thermo Fisher Scientific). Immunolocalization of proteins was performed using species-specific primary antibodies diluted in blocking buffer (PBS with 3% BSA and 0.05% Tween 20) for anti-CK (rat polyclonal; 1:100) (8), anti-NOTUM (Sigma-Aldrich; catalogue SAB3500082, RRID: AB_10604118, rabbit polyclonal, 1:100), and anti-EFEMP1 (Abcam; catalogue ab14926, RRID:AB_301517, rabbit polyclonal, 1:100) for 1 hour at 37°C. Detection of primary antibodies was done via incubation (1 hour at 37°C) with speciesspecific secondary antibodies diluted in blocking buffer: goat anti-rat IgG (Alexa Fluor, 1:1000, A11081; Life Technologies) and goat anti-rabbit IgG (1:1000, A21206; Life Technologies). Sections were washed with PBS three times and coverslipped with Vectashield containing 4 0 6-diamidino-2-phenylindole (Vector Bio-Laboratories). For these analyses, tissue sections from at least 12 placentas were evaluated. Images were acquired using a Leica inverted microscope with a 103 or 203 objective. Representative photomicrographs were exported in TIF format and processed via Photoshop (Adobe). No specific immunoreactivity was detected staining with the primary or secondary antibody alone or with an irrelevant isotype-matched antibody.
Results
Characterization of cultured CTBs
CTBs, isolated from floating and anchoring chorionic villi of second-trimester placentas, were plated on Matrigel and cultured for up to 39 hours. Within 3 hours, CTBs started to spread on the matrix and extend cellular projections [ Fig. 2(a-c)] . By 15 hours, CTBs formed multicellular aggregates. Time-lapse imaging indicated a high level of cell movement within the aggregates at higher resolution (data not shown). Furthermore, as previously described (16), CTBs did not fuse to form multinucleated syncytiotrophoblasts. To complement our visual observations, we quantified the distance of each CTB to its closest neighbor at 3, 15, and 39 hours. We observed a significant difference in the average minimum distance among cells at 15 hours (D↓4.5 mm) as compared with 3 hours [P # 0.05; Fig. 2(d) ]. Cell aggregation was similar at 15 and 39 hours (P $ 0.05). Using a semiquantitative approach that combined immunofluorescence localization and high-throughput content image analysis, we calculated (on average) that the majority of cells in our model expressed CK (86.1 6 1.6%) [ Fig. 2(e) ] and HLA-G (72.3 6 4.4%) [ Fig. 2(f) ]. In contrast, only 2.1 6 0.6% of cells expressed Ki-67 [ Fig.  2(g) ]. The expression of CK, HLA-G, and Ki-67 did not change as a function of time in culture [quantified in Fig.  2(h) ]. As a whole, these observations suggested that our tissue culture system models CTB exit from the cell cycle aggregation, a proxy for differentiation.
We identified 2232 genes as significantly DE across time (0-39 hours) as CTBs differentiated in culture (ANOVA, P # 0.00005, absolute FC $ 2) [ Fig. 3(a) ]. Within this gene set, time-dependent changes were highly dynamic. Approximately 54% of DE genes followed a positive trend across time (Cluster I), and conversely, 46% of DE genes displayed a negative trend (Cluster II). As compared with the 0-hour data, the largest differences, in terms of absolute magnitude and significance, were observed at 15 hours [ Fig. 3(b) ]. These analyses suggested robust time-dependent changes in the transcriptome of CTBs during the initial 39 hours of culture.
As to the DE subset, we observed an enrichment of genes involved in a diverse range of GO biological processes, including anatomical structural morphogenesis, vasculature development, cell motion, RNA metabolism, translation, monosaccharide metabolism, energy derivation by oxidation of organic compounds, inflammatory response, coenzyme metabolism, regulation of cell proliferation, and apoptosis (P # 0.005, FE $ 1.5) [Fig. 4(a) ]. We also conducted separate GO analyses for Clusters I or II. On average, genes that were involved in RNA metabolism and energy derivation were upregulated over time. This was particularly true for RNAs encoding proteins that function in the electron transport chain (30↑, 2↓). Enriched categories of genes that were predominately downregulated over time in culture included response to lipopolysaccharide (6↑, 15↓) and regulation of proliferation (20↑, 47↓).
With regard to selected GO categories, expression of genes related to inflammatory responses, anatomical structure morphogenesis, regulation of cell migration/motion, apoptosis, RNA metabolism, and electron transport chain changed in a time-dependent manner, peaking at 15 hours [absolute FC; Fig. 4(b) ]. For example, at this time point there was a fourfold change in expression of genes that are involved in inflammatory responses (log 2 = 2.0). In contrast, the expression of genes related to vitamin responses and vascular development peaked at 39 hours with the highest observed FCs, 6.4 (log 2 = 2.7) and 3.3 (log 2 = 1.7), respectively.
Due to our interest in the mechanisms underlying CTB differentiation/invasion and vascular mimicry, we mapped DE genes (additional filter; absolute FC . 4) associated with three GO biological processes: anatomical structure morphogenesis (28 genes), cell motion (the family term of cell migration; 18 genes), and vasculature development (23 genes) [ Fig. 5(a) ]. This gene subset included ITGA2, S100A7, ETS1, EDN1, IL6, DHCR7, MMP9, and CD44, which were upregulated over time, and DLX6, FOXC1, KISS1R, DLX5, FLT1, BMP7, NR4A3, and CITED2, which were downregulated. Molecules linked to response to vitamin were also clustered due to their strong regulation and the influence of vitamins on pregnancy outcome. This subset included p450 enzymes (CYP1A1, -27B1), the vitamin D receptor, CD44, and aquaporin (AQP)3, which were all upregulated in culture [ Fig. 5(b) ]. We also listed DE genes with the largest FCs in our culture system. This subset included a variety of molecules that are linked to the aforementioned categories and additional pathways, including chemokines and inflammatory molecules (e.g., CFB, SAA1, TNFAIP6, CXCL5, and CXCL6), collagen endopeptidases (MMP3, -10), solute carriers (SCL22A1, -6A11, -1A6), and structural components (e.g., KRT6A, KRT6B, ITGA2, and LAMB3) (Supplemental Table 3 ).
For a subset of DE genes, we validated expression changes observed by microarray via a qRT-PCR approach and RNA samples isolated from a second set of CTB samples [ Fig. 5(c) ]. DHCR7, PDXK, CD44, CBS, MMP9, CXCL6, ITGA2, and S100A7 were upregulated with time in culture (ANOVA, P , 0.05). F5, DUSP2, FABP7, and PEG3 were downregulated (ANOVA, P , 0.05). MMP12 mRNA levels, which did not change according to the microarray data, were also unchanged when assayed by qRT-PCR. Our qRT-PCR and microarray results were highly correlated in terms of FC in expression (as compared with the 0-hour time point) (r = 0.88; not shown). FC values for genes (PDXK, PEG3), which were not significantly regulated in the microarray data (0.05 . x . 0.0005), correlated between the two analytical methods.
We tested the hypothesis that gene expression changes in vitro parallel, in some cases, genes and pathways that are upregulated in second trimester, when the placenta is still remodeling the uterine wall, as compared with term, when this process is completed. Thus, we interrogated ssRNA-seq profiles of freshly isolated CTBs from second-trimester and term placentas (20) to determine transcripts (identified as DE in vitro) whose expression was dependent on gestational age. Of the 2232 DE genes in vitro, 1955 had RPKM values [ Fig. 6(a) ]. We plotted the average abundance of this subset vs the FC difference in expression between second-trimester and term CTBs [ Fig. 6(b) ]. Approximately 95% of the genes we compared were expressed .1 RPKM (log 2 scale = 0). Approximately 16% of genes were DE .twofold between the two gestational ages (blue lines, log 2 scale = 1). Forty-seven genes that were in the 10th percentile by abundance (.58.5 RPKM) were also gestationally regulated (.twofold). This subset included molecules upregulated in term vs second-trimester CTBs (e.g., EFEMP1) or upregulated in second-trimester vs term CTBs (e.g., NOTUM). The majority of genes that were modulated during gestation (77%) were downregulated (green vs red) in culture. Furthermore, we conducted additional analyses using the subset of genes (105 total) that was associated with pathways underlying CTB differentiation/ invasion: anatomical structure morphogenesis, cell motion, and vasculature development [ Fig. 6(c) ]. This subset included molecules upregulated in term vs second-trimester CTBs (e.g., BMP7, KLF4, and JAG1) or upregulated in second-trimester vs term CTBs (e.g., MMP9, ITGB3, and IL6R). Thus, the latter cross comparison identified molecules that are known regulators of CTB invasion, suggesting that potentially novel candidates that emerged from this analysis could be interesting to study in this context.
Next, in tissue sections of second-trimester biopsies of the maternal-fetal interface, we evaluated protein expression of NOTUM and EFEMP1 using an immunofluorescence approach. These two molecules stood out in our transcriptomic analyses as follows: (1) highly abundant; (2) significantly DE over time in cultured CTBs; and (3) DE between second trimester and term. In second-trimester tissue sections (n = 12), NOTUM [green; Fig. 7(a) ] was expressed in all trophoblast subpopulations that we https://academic.oup.com/endoexamined, including CTBs within the floating villi and cell columns (upper panels) as well as the placental cells that invaded more deeply into the decidua (lower panels). Expression of NOTUM was also apparent in non-CK-positive cells within the villous core and decidua. As to modulation as a function of invasion, the major finding was that NOTUM expression tended to move from the cytoplasm to the nucleus. EFEMP1 was also widely expressed among the CTB subpopulations [ Fig. 7(b) ]. In general, antibody reactivity, which was highest in villous CTBs (upper panels), decreased as the cells invaded the uterus (lower panels). Thus, these analyses suggested that NOTUM and EFEMP1 have interesting patterns of modulation as a function of CTB differentiation/invasion.
Discussion
Model systems in which TBs isolated from human placentas are placed in culture provide important opportunities for studying the mechanisms and cellular functions underlying normal development and disease. We published protocols for isolating CTBs and culturing them on three-dimensional substrates (16, 24) . Targeted analyses showed that under these conditions the cells differentiate along the pathway that leads to migration away from the placenta proper and invasion of the uterine wall (1, 8) . In this work, we expanded these reports by completing a global transcriptomic analysis that described in detail the changes in gene expression that paralleled the CTB morphological transitions as the cells acquired an invasive phenotype in vitro. Later we discuss these results in the context of CTB differentiation in vivo.
Quantification of CTB migration in vitro
We developed a semiautomated pipeline for doing high throughput image content analysis and applied this approach to our CTB differentiation model. As described previously, the majority of cells expressed CK, which identifies all TB subpopulations, and HLA-G, which is upregulated at the protein level as the cells invade the uterine wall (25, 26) . Isolation and culture of second-trimester CTBs on Matrigel enabled their attachment (by 3 hours), after which they spread on the substrate, becoming highly migratory. In the process, they migrated toward each other, forming multicellular aggregates while extending elongated filapodia (by 15 hours). In agreement with previous studies, we showed that cultured CTBs that differentiated along the invasive pathway had a very low rate of proliferation (;2% immunopositive for Ki-67 expression). We quantified these transitions by measuring the average minimum distance between the cell nuclei at three time points. This approach enabled us to quantify migratory activity and aggregation across hundreds of thousands of cells. In this study, we established baseline conditions that, in future experiments, can be used to evaluate the effects of potential perturbants, including pharmaceuticals, environmental chemicals, and disease states (35), on CTB behavior.
Transcriptomic changes in cultured CTBs
In parallel with the described morphological transitions, we observed robust, global RNA expression changes over time in cultured CTBs (Fig. 3) . Using a conservative approach (false discovery rate ,1%; P # 0.00005; absolute FC $2), ;10% of genes were significantly DE over time. Our results suggested changes in specific pathways related to CTB functions in vivo, including morphogenesis, vasculature development, cell migration, cell communication, vitamin/nutrition, and inflammatory responses. These pathways suggested an interplay between molecules that drive cell behaviors in CTBs (remodeling, migration), placental development, and cell-cell communication. The data highlighted many interesting processes with known or potential relevance to CTB interactions with maternal cells in vivo and novel regulators.
Migration and morphogenesis pathways
At a transcriptomic level, several of the DE molecules played critical roles in CTB migration and/or morphogenesis [Figs. 4 and 5(a) ]. This subset included MMP9, which was upregulated (.ninefold) in culture. In parallel, we observed the increased expression of four other MMP family members (MMP3, -8, -10, and -14). As a class, MMPs are critical for CTB invasion and differentiation with MMP9 playing an especially important role (in vitro and in vivo) (36) (37) (38) . Lower expression levels of MMP9 are associated with PE (39) , and the MMP9 (-1562C/T) variant is linked with PE susceptibility (40) . Integrin expression was also modulated, including ITGA2 (↑), ITGB3 (↑) (Fig. 5) , ITGB6 (↑), and ITGB5 (↓) (data not shown). Regulated expression of integrins and their ECM ligands is an integral part of the CTB differentiation pathway that leads to formation of cell columns and uterine invasion (41, 42) . For example, in first-trimester placentas, column CTBs express high levels of ITGA6/B4 and low levels of ITGA5/B1, whereas invasive extravillous CTBs have the opposite expression pattern (43) . To our knowledge, expression of ITGA2 has yet to be described in human CTBs. We identified many other genes that were DE in culture with proposed links to CTB invasion/differentiation and placental development. They included the following: (1) ETS1 (↑), a transcription factor that regulates expression of MMPs and other molecules important for uterine invasion (44, 45) ; (2) the secreted preproprotein/signaling peptide, EDN1 (↑), which is involved in invasion and vasoconstriction (46) ; and (3) KISS1R1 (↓), a G protein-coupled receptor that selectively binds to kisspeptins and represses TB migration/ invasion (47) . Our results suggested that CTB differentiation in vitro recapitulated many of the molecular switches that occur as CTBs acquire invasive/migratory properties in vivo.
Vascular and immune pathways
CTB endovascular invasion garners a supply of maternal blood that enables exchange of nutrients, wastes, and gases at the maternal-fetal interface. In our culture model, DE genes included molecules that play important roles in vascular development [ Fig. 5(a) ], such as CD44 (↑), a cell adhesion surface receptor for hyaluronic acid and a major component of the ECM. These receptorligand complexes regulate intracellular signaling pathways critical for CTB invasion and remodeling of the decidua (48) . Other DE molecules in this class included VEGFA and FLT1, which were downregulated. Increased expression of these molecules underlies maternal vascular dysfunction in PE (49) . Additionally, several inflammatory mediators were DE in our model. For example, CXCL6 [ Fig. 5(c) ] and interleukin-6 [ Fig. 5(a) ] were upregulated. In HTR-8/SVneo cells, interleukin-6 promotes migration, invasion, and modulation of integrin profiles (50) . In the same cell line (and in primary CTBs), CXCL6 reduces TB migration/invasion by reducing MMP2 activity (51) . Other DE inflammatory molecules included numerous chemokines and interleukins. These results provided a global transcriptional context for previous (13) and future investigations using this model system to study inflammatory mediators and their mechanistic roles in CTB differentiation/invasion, vascular remodeling, and immune interactions with the mother.
Vitamin and nutrient regulation pathways in CTBs
In general, the importance of vitamins and other nutrients for pregnancy health and placental development is well-recognized (52) (53) (54) . However, the underlying mechanistic links remain unresolved at molecular and cellular levels. In cultured CTBs, genes associated with the GO Figure 7 . Immunolocalization of NOTUM and EFEMP1, which were DE in cultured CTBs. Representative images of floating and anchoring villi (FV, AV, respectively; upper panels) and invasive (i) CTBs within the decidua (Dec; lower panels). Tissue sections of second-trimester samples were immunostained for (a) NOTUM or (b) EFEMP1. The samples were costained with anti-CK (trophoblast marker) and 4 0 6-diamidino-2-phenylindole (Dapi; nuclear dye). Tissue sections from $12 placentas were evaluated. Scale bars = 100 mm.
term, response to vitamin, were among some of the most dramatically differentially expressed in our dataset [ Fig.  5(b) ]. This subset included members of the vitamin D signaling pathway-the primary p450-activating enzyme (CYP27B1) and the vitamin D receptor. The expression of both increased with time in culture, suggesting enhanced CTB responsiveness to compounds of this class as they differentiate along the invasive pathway. This observation is in line with published results regarding the relationships between vitamin D and the following: (1) extravillous TB invasiveness (55); (2) calciotropic hormone regulation (56); and (3) pregnancy complications [e.g., PE (57)]. In addition, we observed increased expression of CBS, a member of the folate metabolism/cysteine-synthesis pathway [ Fig.  5(c)] . CBS is the critical regulator of homocysteine production during pregnancy, and altered levels may underlie impaired decidualization/changes in uterine-gene expression (58), PE, pregnancy loss, and congenital birth defects (54) . The cytochrome p450 enzymes-CYP1A1, -1A2, -1B1-which play roles in xenobiotic/drug metabolism as well as endogenous regulation of fatty acid metabolism, angiogenesis, and epithelial differentiation (59), were also upregulated in culture. The functions of these enzymes, with dual roles in metabolizing exogenous and endogenous compounds, are poorly understood in the context of placental development and function. Additionally, other molecules in this subset, such as AQP3 and AQP9, were upregulated in culture. These membrane proteins, which act as access points for water molecules, may play key roles during mammalian pregnancy (60, 61) . Whether these molecules, which are highly regulated in our system, also play roles in CTB differentiation is an interesting possibility.
DE genes in second-trimester vs term CTBs
Using an ssRNA-seq dataset generated as part of the Epigenome Roadmap Project (20), we defined a subset of genes (initially observed to be DE in vitro in CTBs) that were DE between second trimester vs term [ Fig. 6(a) ]. This analysis revealed several abundant molecules (top 10% expression, yellow shading) that were associated with faulty CTB invasion and/or placental disease, e.g., FSTL3 (62), FLT1 (63), ADAM12 (64), TFPI2 (65, 66) , F5 (67) , and HSD17B1 (68) (Supplemental Table 4 ), as well as new molecules yet to be studied in this context (e.g., EFEMP1 and NOTUM) [ Fig. 6(b) ]. In a follow-up analysis, we identified genes that were up-or downregulated as a function of CTB differentiation/invasion in vitro, focusing on a subset of the component processesmorphogenesis, cell motion, and vascular development. Then we asked whether they were also regulated as a function of gestational age [ Fig. 6(c) ]. Molecules with known functions during CTB differentiation, such as MMP9 (36-38) and ITGB3 (69), were upregulated in cultured CTBs, and the transcripts were expressed at higher levels during second trimester relative to term. In general, these findings further supported the concept that genes and pathways critical to CTB differentiation and placental development were actively modulated in our cell culture model. Furthermore, these analyses highlighted new molecules yet to be studied in this context. For example, we identified two genes, NOTUM and EFEMP1, as potentially involved in CTB differentiation. In vitro, aggregating CTBs downregulated their expression at the RNA level. Immunolocalization of NOTUM and EFEMP1, in tissue sections of second-trimester placentas, confirmed expression of these molecules at the protein level in villous CTB progenitors, as well as in CTBs transiting through the columns and within the uterine wall. NOTUM, a carboxylesterase, was recently identified as a key inhibitor of WNT signaling (70) and critical for neural/head induction in Xenopus (71). Despite the recognized importance of WNT signaling in TB invasion (72) , nothing is known about the potential role(s) of NOTUM in placental development. In our analyses, CTB invasion was associated with movement of NOTUM from the cytoplasmic to the nuclear compartment. To our knowledge, this phenomenon has not been previously reported.
The ECM glycoprotein, EFEMP1, acts as a regulator of MMP expression and cancer metastasis (73) . In an estrogen-dependent manner, EFEMP1 inhibits WNT/Bcatenin signaling pathways and thereby the epithelial-tomesenchymal transition of endometrial carcinoma cells (74) . Previously, EFEMP1 was shown to be expressed in human CTBs that reside within the smooth chorion layer of fetal membranes (75) . In this study, we add new data, suggesting expression of EFEMP1 in the placenta during midgestation and differential patterning of EFEMP1 in villous CTBs (higher expression) as compared with CTBs invading the uterus (lower expression). In general, our study provides evidence of modulation of NOTUM and EFEMP1 expression in CTBs within the maternal-fetal interface, suggesting possible roles of these two molecules in TB differentiation.
Conclusion
Primary cultures of human villous CTBs are an important model system for studying their adhesion, migration, and invasion-behaviors that are critical determinants of pregnancy outcomes. In this study, using a transcriptomicbased approach, we profiled CTB gene expression as the cells differentiated along the invasive pathway in vitro. The DE genes were involved in key biological pathways that are critical to placentation in vivo: cell migration, vascular remodeling, morphogenesis, and inflammation. The rich datasets that were generated provide a foundation of gene expression profiles against which the effects of numerous variables, including environmental and pharmacological compounds, can be evaluated.
